Scherbarth F, Diedrich V, Dumbell RA, Schmid HA, Steinlechner S, Barrett P. Somatostatin receptor activation is involved in the control of daily torpor in a seasonal mammal. Am J Physiol Regul Integr Comp Physiol 309: R668 -R674, 2015. First published July 8, 2015 doi:10.1152/ajpregu.00191.2015 show spontaneous daily torpor only after ϳ2 mo in winter-like short photoperiods (SP). Although some SP-induced hormonal changes have been demonstrated to be necessary for the occurrence of seasonal torpor, the whole set of preconditions is still unknown. Recent findings provide evidence that the hypothalamic pituitary growth axis is involved in endocrine responses to SP exposure in the photoperiodic hamsters. To examine whether suppression of growth hormone (GH) and insulin-like growth factor-1 (IGF-1) secretion affects the incidence of daily torpor, we used two somatostatin receptor agonists, pasireotide (SOM230) and octreotide, with different affinity profiles for receptor subtypes. Pasireotide strikingly increased the torpor frequency in male hamsters compared with sham-treated controls, and torpor duration was often increased, which in some cases exceeded 12 h. In contrast, administration of octreotide reduced the body weight of SP hamsters but had only a marginal effect on torpor frequency in males and no effect in females. Together with measured concentrations of circulating IGF-1, the present results strongly suggest that reduced activity of the GH/IGF-1 axis is not critical for stimulation of torpor expression but activation of specific somatostatin receptors is critical. This putative role for certain somatostatin receptor subtypes in torpor induction provides a promising new approach to unravel the endocrine mechanisms of torpor regulation.
SPONTANEOUS DAILY TORPOR REPRESENTS one trait of the substantial acclimation to winter-like short photoperiods (SP) in Siberian hamsters (Phodopus sungorus; a.k.a. Djungarian hamster; for review, see Ref. 26) . Together with a considerably reduced body weight and improved insulative properties of the white winter fur, daily torpor contributes significantly to reduce energy demands (12) . Unlike fasting-induced torpor, spontaneous daily torpor is not necessarily linked to food scarcity. Instead, Siberian hamsters show this energy-saving behavior after ϳ10 wk of SP exposure despite food abundance. Interestingly, the frequency of torpor varies largely between individuals, ranging from animals that show torpor almost every day to individuals that never enter torpor (23) . Thus these hamsters exhibit an individual propensity to use this state of reduced metabolism and body temperature (T b ). Despite several decades of study, the underlying metabolic and/or hormonal factors that tip the balance in support of, or against, entry into torpor at the beginning of the (diurnal) resting phase are still unknown.
SP-mediated loss of body weight appears to be a prerequisite for the occurrence of torpor. The animals predominantly lose fat, and, thereby, blood concentrations of leptin are very low during the torpor season, which is likely to be a permissive factor for torpor induction (10) . Decreases of circulating prolactin and testosterone levels are also characteristic for SP acclimation, and elevated concentrations are incompatible with daily torpor (2, 19, 30) . Accordingly, SP-induced testes regression and decreased release of pituitary prolactin represent preconditions for the incidence of seasonal torpor. Moreover, there is accumulating evidence that the hypothalamic pituitary growth axis might also be involved in seasonal acclimatization. Hypothalamic gene expression of somatostatin [somatotropin release-inhibiting factor (SRIF)] has recently been shown to increase in SP hamsters compared with long photoperiod (LP) controls (13, 17) . Since somatostatin is a negative regulator of growth hormone (GH) secretion from the pituitary, the data indicate that the GH/insulin-like growth factor 1 (IGF-1) system is downregulated during exposure to SP. With regard to the concomitant weight loss (up to 40%) in SP, reductions in anabolic processes are plausible. This assumption is in accordance with the fact that not only body fat but also lean mass decreases during SP acclimation (16) , which is accompanied by increased gene expression of myostatin, resulting in suppressed muscle growth (5) . Interestingly, regular running exercise not only prevents the normal SP-induced reduction in body weight but also daily torpor (24, 25, 29) . Since our studies also provide evidence that exercise stimulates somatic growth, a role for the hypothalamic pituitary growth axis in the control of seasonal torpor is conceivable.
In the present study, we used two somatostatin receptor agonists [pasireotide (PAS) and octreotide (OCT)] to examine whether reduced circulating GH/IGF-1 affects the occurrence of spontaneous daily torpor. OCT binds with high affinity to the somatostatin receptor subtype (SSTR) 2 but with lower affinity to SSTR5, whereas PAS binds with highest affinity to SSTR5 and has a lower affinity for SSTR2 (6, 31) . These two different somatostatin analogs with agonist-selective effects (28) were applied to distinguish between the potential involvements of the different SSTRs in torpor induction in Siberian hamsters. Analyses included hypothalamic mRNA expression of the orphan G protein-coupled receptor 50 (GPR50) since recent gene knockout studies in mice implicate GPR50 as a regulator in the propensity for torpor induction in food-deprived animals (3).
MATERIALS AND METHODS
Animal husbandry and all experiments were in accordance with the German Animal Welfare Act and approved by the Lower Saxony State Office for Consumer Protection and Food Safety (ref.: 12/1023, 13/1246, 14/1453). All hamsters were descendants from the breeding colony of the Department of Zoology (Hannover, Germany) and were raised under the same conditions. Continuous exposure to artificial LP maintained the hamsters' summer phenotype until the beginning of experimental short-day conditions. For better comparability, all experiments were carried out in the same temperature-controlled room. The animals were individually kept in plastic cages (Macrolon, type II) with wood shavings and tissue for nest building. Before and during the experiments, all hamsters received commercial hamster chow ad libitum (hamster breeding diet, Altromin 7014; Altromin Spezialfutter, Germany) and had free access to tap water.
Experiment 1A. Originally, the experiment was carried out to examine the role of the growth axis in exercise-induced changes in body mass. However, results from the additional observation of torpor in groups without running wheel were suggestive of an effect already at an early stage. At the beginning of the experiment, adult male Siberian hamsters (Phodopus sungorus; Ͻ7 mo of age) were individually housed and transferred from LP [16 h of light and 8 h of darkness (LD 16:8) with lights on from 2000 to 1200, Central European Time (CET)] to SP (LD 8:16 with lights on from 0400 to 1200). After ϳ10 wk (day 68 -71) in SP, the hamsters of the two weight-matched groups (n ϭ 8, each) were injected (sc; 2 hamsters per group and day) with 160 mg/kg of PAS long-acting release (LAR; Novartis) or vehicle only (VEH; Novartis; for diluent product details, see Ref. 4) . A second injection either with PAS or VEH alone followed 4 wk after first administration. After a total of 7 wk of treatment, the hamsters were culled 4 -5 h after lights off by carbon dioxide overdose. Liver and testes were weighed to the nearest 0.001 g.
Torpor was formally monitored from day 8 of treatment by daily visual inspection 3-4 h after lights on. Although this simple method includes the tendency to underestimate the number of torpor bouts, we considered the method sufficiently accurate for an initial comparison. Torpor was defined here by the animals' typical body posture including the special form of closed eyelids and reduced breathing. In case of doubt, the hamster's cage was slightly touched, usually being sufficient to awake a sleeping hamster. To improve environmental conditions for torpor expression, the initial ambient temperature (T a) of 22 Ϯ 1°C was lowered to 20 Ϯ 1°C at the 89th day of SP exposure, i.e., briefly after the first torpor events (11th wk of SP/day 6 of experiment) have been observed. During the last 10 days, torpor was monitored by providing the hamsters with a small wooden nest box [7 ϫ 5 ϫ 5 cm (l ϫ h ϫ w) inner size] equipped with a small infrared thermometer (MLX90614ESF-BAA; Melexis Microelectronic Systems) for measurements of body surface temperature (T s). Ts values were stored every minute on a PC as previously described and validated (7) . In addition to providing the torpor frequency, this setup allowed estimation of torpor bout duration by visual inspection of plotted raw data. Entry into torpor was defined as the beginning of a gradual reduction of Ts, whereas the beginning of the steep rise (arousal) in T s was defined as the end (Fig. 1, E and F) .
Experiment 1B. The experiment was carried out to verify the previous result using continuous measurements of body temperature (Tb) in 32 male hamsters (3-4 mo of age), as described below. At the . Temperature values within shaded areas reflect periods, when the hamster has left the nest box or was just returning. Arrows denote the beginning and end of torpor (for definition, see MATERIALS AND METHODS), respectively. One VEH hamster did not show any torpor bout and was excluded from the analysis of torpor frequency and duration. Hamsters were exposed to short photoperiods (SP) for 10 wk before treatment. *Significant differences.
beginning of the experiment, the light regimen was switched from LD 16:8 (lights on: 0400 -2000 CET; 20 -22°C) to LD 8:16 (lights on: 0900 -1700 CET; 20 Ϯ 1°C). After ϳ10 wk (69 -72 days) in SP, hamsters were divided into four weight-matched groups and were injected (sc) with 160 mg/kg of PAS or VEH only (2 animals per day and group). Afterwards, two groups (SP-PAS, SP-VEH; n ϭ 8, each) remained in SP and two groups (LP-PAS, LP-VEH; n ϭ 8, each) were transferred back to LP (lights on: 0700 -2300 CET; 20 Ϯ 1°C). Four weeks later, hamsters were injected a second time with the same dose or vehicle, respectively. For final procedures, see experiment 1A.
To compare hypothalamic Gpr50 expression in the ependymal layer of the third ventricle, brain sections were examined by in situ hybridization carried out as described previously (1) .
For measurements of T b, hamsters were implanted (ip) under isoflurane anesthesia with temperature transmitters either from Data Sciences International (model TA-F10) or from Mini-Mitter (model X and V). Before implantation, the latter were calibrated with the help of a temperature-controlled water bath at four different temperatures between 25 and 40°C. Depending on transmitter model, weights of implants ranged from 1.5 to 2.5 g. Surgeries were performed during the 6th week of SP exposure. The animals of the LP-VEH group were not implanted because in ad libitum-fed hamsters, torpor bouts have been shown to be prevented shortly after a switch to LP (21) . One hamster of the SP-VEH group did not show the typical SP acclimation (reduction in body weight) and was excluded from all analyses. T b values were stored every 6 min on a PC. During the course of the experiment, some transmitters had repeated malfunctions; therefore, to ensure continued detection of torpor bouts, the respective hamsters were provided with a nest box for Ts measurement as described for experiment 1A. Accordingly, determination of torpor length was carried out by visual inspection of plotted raw data (Tb or Ts) as described for experiment 1A.
Experiment 2. A second somatostatin agonist, OCT (Novartis), with different SSTR subtype affinity was used to examine the role of the different SSTR subtypes in torpor frequency in male and female hamsters. OCT binds with high (subnanomolar) affinity to SSTR2 and has only reduced affinity for SSTR5 and SSTR3. Unlike OCT, PAS binds with high affinity not only to SSTR2 but also to SSTR5 (ϳ30-fold higher affinity than OCT) and SSTR3 (6) .
Males (3-5 mo old) and females (6 mo old) were individually housed and transferred from LP (LD 16:8; lights on: 0400 -2000 CET; 22 Ϯ 1°C) to SP (LD 8:16; lights on: 1000 -1800 CET; 20 Ϯ 1°C). After 10 wk (70 -71 days) in SP, females and males were injected (sc) with 160 mg/kg of OCT LAR or vehicle only (4 animals per day and group). For detection of torpor, hamsters were implanted (ip) under isoflurane anesthesia with small radio-frequency identification (RFID) temperature transponders (11 ϫ 2 mm; 0.1 g; IPTT-300; Bio Medic Data Systems, Seaford, DE) more than 3 wk before experimental treatment. Torpor was determined from week 9 in SP by measuring Tb from outside the cages with a hand-held reader (DAS-7009, BMDS) once per day in the middle of the light phase. Only Tb values below 32°C were considered to represent a torpid state (21, 22) . Hamsters were killed 7 wk following OCT or VEH administration; for final procedures, see experiment 1A.
IGF-1 concentrations in serum were measured using a commercial mouse/rat IGF-1 immunoassay with a sensitivity of 3.5 pg/ml (Quantikine ELISA; R&D Systems, Minneapolis, MN) following kit instructions for mouse serum samples.
Statistics. Group differences were tested for significance by applying either t-test or, if normality test (Shapiro-Wilk test) of residuals failed, Mann-Whitney test. More than two groups were compared by one-way ANOVA or two-way ANOVA followed by Student-Newman-Keuls test for pairwise comparison when indicated. The torpor frequency was tested by repeated-measures ANOVA (followed by Tukey's test). For analyses of torpor expression, hamsters that never showed torpor (almost exclusively in VEH groups) were excluded to reduce the probability of a type I error. Differences were considered significant at P Ͻ 0.05 and statistical analyses were carried out using Statistica 6.1 (StatSoft).
RESULTS

Experiment 1A.
One day before transfer from LP (LD 16:8) to SP (LD 8:16) the average body weights (ϮSE) were 39.7 Ϯ 2.3 g (PAS; n ϭ 8) and 38.2 Ϯ 2.5 g (VEH; n ϭ 8). Ten-week acclimation to SP before treatment resulted in a decrease in body weight of 16.8 Ϯ 1.4% (6.8 Ϯ 0.9 g; PAS) and 19.6 Ϯ 2.6% (7.7 Ϯ 1.2 g; VEH) and PAS did not alter changes in body weight (P ϭ 0.46; Fig. 1A) .
Paired testes weight did not differ between PAS and VEH hamsters at the end of the experiment (67 Ϯ 8 vs. 59 Ϯ 7 mg; P ϭ 0.49). Only one hamster of the sham-treated group displayed no torpor at all. During the 7 wk of treatment, in total 173 (PAS) and 68 (VEH) torpor bouts were observed by visual inspection. The mean total number of torpor bouts was significantly increased in PAS-treated hamsters (range 10 -33; n ϭ 8) compared with VEH group (range 1-26; n ϭ 7; P ϭ 0.019; Fig. 1B) . Comparison of the weekly number of torpor bouts for hamsters that underwent torpor revealed significantly increased frequencies in PAS hamsters for weeks 5-7 (Fig. 1D) . Torpor registration by measurements of body surface temperature (limited to the last 10 days of treatment) revealed significantly longer bouts in PAS vs. VEH hamsters (P ϭ 0.017; Fig. 1C ; illustrated with example traces in Fig. 1, E and F) . Experiment 1B. On the day of transfer from LP to SP the average body weights (ϮSE) were 41.5 Ϯ 1.3 g (SP-PAS; n ϭ 8), 41.4 Ϯ 1.9 g (SP-VEH; n ϭ 7), 41.7 Ϯ 1.7 g (LP-PAS; n ϭ 8), and 41.6 Ϯ 2.5 g (LP-VEH; n ϭ 8). Ten-week acclimation to SP before treatment resulted in a decrease in body weight of 23.5 Ϯ 2.8% (SP-PAS), 22.7 Ϯ 2.2% (SP-VEH), 20.1 Ϯ 3.6% (LP-PAS), and 21.7 Ϯ 3.2% (LP-VEH).
Comparison between changes in body weight revealed a significant effect of photoperiod and PAS (P Ͻ 0.001, each) with interaction between photoperiod and treatment (P Ͻ 0.05; Fig.  2A ). Body weight regain in LP was significantly attenuated in LP-PAS compared with LP-VEH hamsters (P Ͻ 0.001). However, PAS treatment did not completely inhibit LP-induced weight gain, having significantly greater change in body weight compared with both SP groups (P Ͻ 0.01, each). Notably, there was no significant difference between SP-PAS and SP-VEH (P ϭ 0.12). Terminal tissue masses for experiment 1B have previously been described (8) .
During the 7 wk of treatment, the total number of torpor bouts were 266, 103, and 82 for SP-PAS (n ϭ 8), SP-VEH (n ϭ 7), and LP-PAS (n ϭ 8) groups, respectively. Torpor was not monitored in hamsters of the LP-VEH group (see MATERI-ALS AND METHODS). SP-PAS hamsters invariably entered torpor, whereas one hamster in each of the LP-PAS and SP-VEH groups never displayed torpor. The incidence of torpor over the 7-wk treatment period was significantly increased in SP-PAS hamsters (range 29 -41) compared with SP-VEH (range 2-44) and LP-PAS group (range 6 -20) (P Ͻ 0.001; Fig. 2B ). In contrast to experiment 1a, there was no significant difference in torpor bout duration between PAS-treated and sham-treated hamsters when analyzed either for the whole experiment (P ϭ 0.37; Fig. 2D ) or the last 10 days (P ϭ 0.20).
One SP-PAS and one SP-VEH hamster showed torpor 2 days before the first injection. Comparison of torpor develop-ment by repeated-measures ANOVA revealed significant differences between groups (P Ͻ 0.001) with SP-PAS hamsters showing higher frequencies than SP-VEH hamsters (P Ͻ 0.05, respectively; Fig. 2C ). Beginning in the third week of treatment, exposure to LP progressively reduced the number of torpor bouts in the LP-PAS group. However, compared with SP-VEH animals, the LP-PAS group exhibited a significantly lower torpor frequency only for the last 2 wk of treatment (P Ͻ 0.01, each).
There was no indication that torpor characteristics other than frequency and duration (e.g., timing of onset) were affected by PAS treatment (Fig. 2E) . Comparison between torpor frequency of hamsters with and without nest box did not reveal any effect of nest box availability on torpor occurrence (data not shown).
We found Gpr50 mRNA expression was significantly greater in LP compared with SP groups (P Ͻ 0.001), without an effect of treatment (Fig. 2F) , demonstrating that an increase in Gpr50 expression had occurred on return to LP following the decrease that occurs in SP (1).
Experiment 2. On the day of transfer from LP to SP the body weight (ϮSE) of the male hamsters was 38.0 Ϯ 1.9 g (OCT; n ϭ 9) and 39.3 Ϯ 1.8 g (VEH; n ϭ 7). The female hamsters weighed 34.2 Ϯ 1.6 g (OCT; n ϭ 8) and 34.1 Ϯ 1.3 g (VEH; n ϭ 8). During exposure to SP, the male groups lost 17.0 Ϯ 2.2% (6.5 Ϯ 0.9 g; OCT) and 24.1 Ϯ 1.9% (9.5 Ϯ 0.9 g; VEH) of their initial body weight before treatment, and the female group weight loss was 18.1 Ϯ 1.9% (6.3 Ϯ 0.7 g; OCT) and 16.6 Ϯ 2.3% (5.7 Ϯ 0.9 g; VEH) before drug administration. In both male and female hamsters the reduction in body weight with OCT treatment was greater than in VEH hamsters in the first week following administration (both P Ͻ 0.01; Fig. 3A ). For female hamsters this difference was maintained throughout the experiment, and for male hamsters it became significant again only after 6 and 7 wk following treatment.
Seven weeks after a single OCT injection, circulating IGF-1 was significantly reduced in OCT-treated females (P ϭ 0.015) but not males compared with respective controls (Fig. 3D) .
There was a tendency towards reduced paired testis weights (55 Ϯ 6 vs. 90 Ϯ 19 mg) but this did not reach statistical significance (P ϭ 0.075), and dried uteri weights were unaltered by OCT (VEH 11 Ϯ 1 mg, OCT 10 Ϯ 1 mg).
There was no effect of OCT treatment on liver weight in male (OCT 1.11 Ϯ 0.06 g; VEH 1.09 Ϯ 0.07 g) or female hamsters (OCT 1.12 Ϯ 0.08 g; VEH 1.22 Ϯ 0.08 g). In contrast, absolute (286 Ϯ 8 vs. 335 Ϯ 10 mg) and relative kidney weights (10.7 Ϯ 0.3 vs. 12.3 Ϯ 0.3 mg/g BM) were significantly decreased in OCT vs. VEH male hamsters (both P Ͻ 0.01). In contrast to males, female hamster kidney weight was unaffected by OCT (298 Ϯ 14 vs. 312 Ϯ 16 mg) but was increased when considered relative to body weight (12.5 Ϯ 0.4 vs. 11.3 Ϯ 0.2 mg/g BM; P ϭ 0.016).
Female hamsters exhibited 182 (OCT; n ϭ 8) vs. 126 (VEH; n ϭ 8) torpor bouts in total during treatment, and males exhibited 182 (OCT; n ϭ 9) vs. 86 (VEH; n ϭ 7) torpor events. Only one vehicle-treated female hamster never displayed tor- por and, therefore, was left out from further analyses. Male OCT hamsters had a significantly higher torpor frequency than VEH during the final week of treatment (P Ͻ 0.05), whereas significant differences were completely missing in the female cohort (Fig. 3B) . The mean number of torpor bouts per hamster exhibited throughout the experiment did not differ between OCT and VEH male (P ϭ 0.164) or female hamsters (P ϭ 0.498; Fig. 3C ).
DISCUSSION
The phenomenon of daily torpor, i.e., escape from energetically demanding normothermia, is described in detail for many small birds and mammals (for review, see Ref. 20) . When acclimated to winter-like SP, Siberian hamsters exhibit this energy-saving behavior spontaneously without (concurrent) energetic challenge such as food restriction or cold exposure. In fact, photoperiodic acclimation alone provides the preconditions for the expression of spontaneous daily torpor, although the mechanism driving this is still poorly understood.
In the present study, administration of the somatostatin receptor agonist PAS evoked a strikingly increased torpor frequency in male Siberian hamsters acclimated to SP. In hamsters housed in SP, torpor typically occurs only after ϳ10 wk when the animals are approaching the body weight nadir (24) . However, the change in body weight or testes weight did not differ between SP hamsters treated with PAS or VEH, and thus the increased torpor frequency in PAS hamsters was independent of both body and testes weight. In addition to the higher torpor frequency in PAS hamsters, torpor bout duration was increased in experiment 1A. In experiment 1B, however, only one PAS hamster exhibited extremely long bouts (up to 18 h). These inconsistent results suggest a potential but much weaker effect of PAS treatment on torpor length than on torpor frequency.
In contrast with PAS, treatment of SP hamsters with OCT resulted in reduced body weight in males and females from week 1 compared with controls. However, we found only a marginal stimulatory effect on torpor in males and no effect in females.
The inhibitory effect of PAS on the growth axis has previously been demonstrated in LP hamsters and for those animals in LP previously acclimated to SP (8) . However, in contrast to the lack of PAS effect on body weight in SP-acclimated hamsters, OCT was able to further decrease body weight in male and female hamsters in the present study. This effect of OCT was particularly notable in female hamsters, which might be indicative of a weaker inhibitory drive of SP to the growth axis in female hamsters.
Interestingly, treatment with somatostatin analogs resulted in reduced kidney weights in male hamsters (for experiment 2, see Ref. 8) . The same effect together with decreased kidney IGF-1 has been reported for rats treated with OCT (9). OCTtreated female hamsters, however, did not exhibit reduced kidney weights in the present study. Possible sex-dependent differences in response to OCT remain to be elucidated.
The efficacy of PAS treatment to inhibit the growth axis was also evidenced by reduced serum IGF-1 concentrations in both (switch-back) LP hamsters and the SP group of experiment 1B (8) . Despite the concurrent effects on the growth axis and torpor expression in PAS-treated SP hamsters, it is questionable if torpor was directly affected by growth axis activity. There appeared no correlation between IGF-1 concentration and torpor frequency in OCT hamsters, and IGF-1 concentrations were significantly reduced in OCT vs. VEH only in female hamsters.
PAS treatment not only retarded regaining of body weight but also dampened testis recrudescence in SP-acclimated hamsters transferred to LP (for testis weight, see Ref. 8) . Moreover, we have shown that in adult male LP hamsters, which are characterized by fully developed testes, PAS induced substantial testis atrophy (Ϫ75%). A similar but considerably weaker effect on testes weight (Ϫ25%) has been found in OCT-treated One female VEH hamster did not display any torpor bout. Hamsters were exposed to SP for 10 wk before treatment. *Significant differences.
hamsters (see Supplemental Data in Ref. 8) . Possible mechanisms for the action of PAS to influence testicular atrophy and recrudescence in LP hamsters have previously been discussed (8) . Testes involution results in very low testosterone concentrations, which is a prerequisite for spontaneous torpor in male Siberian hamsters (18, 30) . Accordingly, a repressive effect on testes being greater for PAS than for OCT might explain both the enhancing effect of PAS on torpor expression in males as well as absence of torpor stimulation in OCT females. However, the present study found no significant difference in paired testes weight between treated and sham-treated SP groups (each at or very close to expected minimal values). Furthermore, circulating testosterone has been demonstrated to reach lowest levels even before testes are fully regressed (27) , and SP-acclimated (10 wk) animals with atrophied testes have similar testosterone levels to castrated LP hamsters (15) . It is worth adding that exercise-induced torpor prevention (and weight gain) have first been described in castrated hamsters (29) , indicating that inhibition of torpor was independent of testosterone.
The orphan GPR50 (the mammalian ortholog of avian melatonin receptor Mel1c) has been implicated in hypothalamic regulation of energy metabolism (14) , and mice lacking functional GPR50 readily enter a torpid state upon fasting (3). Interestingly, in Siberian hamsters, Gpr50 expression in the ependyma of the third ventricle is downregulated in SP (1, 13) and so is likely another precondition for daily torpor. We have previously demonstrated for several genes that photoperiod appropriate gene expression underpinning seasonal phenotype is largely unaltered by PAS administration (8) , indicating that perception of photoperiod remains unaltered at this level. In accordance with this, Gpr50 expression was unaltered by PAS in either SP or LP. This is perhaps unsurprising in SP hamsters where expression is already minimal, whereas in LP hamsters the increased expression might have contributed to the decline in torpor incidence in the LP group.
It is noteworthy that SP hamsters treated with PAS or OCT displayed torpor without exception, and nontorpid SP hamsters were exclusively found in the VEH-treated groups. Although it is possible that this occurred simply by chance, the observation would be consistent with a torpor-facilitating effect of the somatostatin analogs. Here, it is important to note that VEH females exhibited a quite high torpor frequency, which may have made it more difficult to measure a significant difference in the OCT-treated group.
At first glance, one explanation for the contrasting torpor data between administration of PAS and OCT might be due to the longer duration of PAS treatment (2nd injection after 4 wk) compared with OCT. However, although the lack of a second OCT injection might have contributed to the considerably weaker (or absent) effect on torpor expression, PAS treatment in experiment 1B resulted in a significantly raised torpor frequency already within the 2nd week of treatment, i.e., well in advance of the second administration. Moreover, the body weight data of the OCT-treated females and males indicate that OCT was still effective at the end of the experiment. At least for the females, this assumption is strongly supported by decreased serum IGF-1 concentrations. Therefore, the lack of response with OCT is likely a reflection of SSTR subtype distribution within the hamster pituitary gland or peripheral tissues.
Perspectives and Significance
PAS, a somatostatin receptor agonist with highest affinity for SSTR5, was demonstrated to shift the frequency of daily torpor in Siberian hamsters very close to its maximum (i.e., every day) and thereby reduces interindividual differences in torpor expression. To our knowledge this is the first work that indicates somatostatin to play a role in torpor regulation. Notably, the somatostatin agonists only marginally cross the intact blood-brain barrier (11) and, hence, our data suggest that torpor induction, and maybe torpor duration as well, are not exclusively governed by central mechanisms. While we favor an inhibitory action of PAS on the neuroendocrine axis at the level of the pituitary gland, direct effects on peripheral tissues involved in torpor also need to be taken into consideration. Future studies on the location and role of specific SSTRs in Siberian hamsters are required to evaluate the relevance of the present data and if somatostatin represents a species-independent component of torpor control. Nevertheless, the present animal model provides the ability to induce an upper-threshold frequency for the expression of spontaneous daily torpor. This might be helpful in elucidating the mechanism of torpor control as pathways that remain unaffected by PAS are unlikely to be limiting for higher torpor frequencies.
